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Origin and tailoring of the antiferromagnetic domain structure in a-Fe203 thin films 
unraveled by statistical analysis of dichroic spectro-microscopy (X-PEEM) images 
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The magnetic microstructure and domain wall distribution of antiferromagnetic Q:-Fe2 03 epitax- 
ial layers is determined by statistical image analyses. Using dichroic spectro-microscopy images, we 
demonstrate that the domain structure is statistically invariant with thickness and that the anti- 
ferromagnetic domain structure of the thin films is inherited from the ferrimagnetic precursor layer 
one, even after complete transformation into antiferromagnetic a-Fe2 03. We show that modifying 
the magnetic domain structure of the precursor layer is a genuine way to tune the magnetic domain 
structure and domain walls of the antiferromagnetic layers. 

PACS numbers: 75.30.Gw,75.70.-i, 75.30.Et,75.70.Kw 



Modern spintronics devices [ij are based on the use of 
a limited number of magnetic properties including fer- 
romagnetic/antiferromagnetic (FM/AF) interfacial ex- 
change bias spin torque currents @ and domain 
wall motion T], |8| used 6.17. in race track memory cells 
. Antiferromagnets are expected to play an active role 
in this generation of devices but the investigation, obser- 
vation and tuning of their domains remains unchallenged 
because they do not carry any net external magnetic 
dipole moment. The nanoscale control of magnetic [loj 



and/or electric [ll|, ll3| domains in devices is of tremen- 
dous current interest because of the expected high in- 
dustrial impact. Additionnaly, the magnetic domain mi- 
crostructure in magnetic exchange coupled devices de- 
termines the level of electronic (Barkhausen) noise [31 , 
originating from magnetic domain wall motion, which is 
detrimental to most magneto-resistive sensors 1 15 1. The 
investigation and observation of AF domains (j, |l6|-[l9j 
has only been made possible recently by photoelectrons 
microscopies. Nevertheless, the detailed description and 
manipulation of the microstructure of AF domains, do- 
main shape and size distribution still remain in infancy. 
More generally, extracting global information from sets 
of samples with different histories requires the develop- 
ment of specific tools. Here we demonstrate, using statis- 
tical phy sics methods applied to spectromicroscopy im- 
ages [20|, that the magnetic domain structure of an AF 
thin film is inherited from the magnetic domain struc- 
ture of the ferri-magnetic precursor layer that exists at 
small layer thicknesses, before the AF spin ordering sets 
in, and remains unchanged afterwards, even after com- 
plete FM^-AF transformation. Modifying the magnetic 
domain structure of the ferrimagnetic precursor layer ap- 
pears as a new and promising route to tailor the magnetic 
domain structure of AF layers having a ferro- or ferri- 
magnetic parent phase. 

Our samples were hematite (Q!-Fe203) layers in the 2- 
30 nm thickness range, that is below the probing depth 
of our analysis, grown on Pt(lll) substrates. They 



were prepared by atomic-oxygcn-plasma-assisted molec- 
ular beam epitaxy with the substrate held at ~750 K 
and a deposition rate of 2 A/min plj . They have a num- 
ber of crucial advantages: (i) hematite layers can easily 
be cleaned after air exposure; (ii) Pt(lll) single crys- 
tals promote high quality epitaxial thin film growth (22| 
and (iii) metallic substrates provide an efficient way to 
overcome charge build-up effects induced otherwise by 
insulating hematite layers which hinder the use of elec- 
tron based techniques. Previous X-ray Magnetic Circu- 
lar and Linear Dichroism (XMCD and XMLD) measure- 
ments revealed a ferrimagnetic 7-Fe203(lll) layer with 
spinel structure up to a thickness of 3 nm whereas pure 
AF Q;-Fe2O3(0001), with corundum structure, is obtained 
above [21| . Both phases were not found to coexist for any 
sample. With respect to these properties our a-Fe203 
films can be considered prototypical for corundum struc- 
tured magnetic metal oxides. 

High-resolution magnetic imaging experiments were 
performed on the Nanospectroscopy beamline at ELET- 
TRA synchrotron (Trieste, Italy) and the SIM beam- 
line at SLS synchrotron (Villigcn, Switzerland), using 
an Elmitec GmBH commercial LEEM/PEEM micro- 
scope [2^ . The AF micromagnetic spin structure of the 
hematite surface has been determined taking advantage 
of the large XMLD effect associated with the Fe L2,3 
edges using vertical/horizontal polarized light Q. In the 
XMLD-PEEM method, the electron yield difference be- 
tween the two main multiplet lines (called, by convention, 
Ij2A and L2B with respect to increasing photon energies) 
is proportional to the scalar pro duct of the AF axis and 
the X-ray polarization vector [23[ . When the linear polar- 
ization lies in the surface plane of the sample, it enables 
to essentially map in-plane component of AF axis. The 
ferrimagnetic domain structure of 7-Fe203 was obtained 
using circular dichroic images derived from incident right- 
and left- handed circularly polarizedphotons, exploiting 
the XMCD effect at the Fc L3 edge 

Figures [T}a, [TJ-b, and [l}c show typical X-PEEM im- 
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FIG. 1. (Color online) 20 /im field of view X-PEEM images 
recorded at the Fe L27i,_B-edge for different Fe203 film thick- 
nesses; (a) 2 nm 7-Fe203; (b) 10 nm a-Fe203; (c) 20 nm 
ci-Fe203. The incident x-ray beam was oriented at 74 with 
respect to the surface normal direction. The contrast mainly 
arises from ferrimagnetic domains in 7-Fe203 and from AF 
domains in Q-Fe2 03 using respectively XMCD and XMLD 
dichroic images at the Fe L3 edge and the multiplet structure 
at the Fe L2 edge respectively. The upper panel of the fig- 
ure illustrates the relationship between the contrast scale of 
the images and the in-plane projection of the ferrimagnetic 
axis F (respectively AF axis A) with the X-ray propagation 
direction k (respectively the photon polarization E). 



ages of magnetic domains for three important layer thick- 
nesses, 2.5 nm (7-Fe203), 10 nm and 20 nm ( Q;-Fe203), 
respectively. At first glance, although obtained through 
two different contrast methods (XMCD and XMLD), 
these three images seem closely similar. Quantitatively 
comparing different samples is difficult. Beyond this first 
observation, we have used a statistical approach to quan- 
titatively characterize the morphology of these magnetic 
domains. Perimeter L and gyration radii Rg 
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mains derived from images of Fe203 layers with different 
thicknesses are plotted as a function of their area A on 
Figs. [2^ and [2}), respectively. In both graphs, the curves 
obtained for various layer thicknesses below and above 
the ferri to AF transition are found to overlap almost per- 
fectly without any rcscaling factor. In other words, the 
domains morphology is shown to be statistically invariant 
with the layer thickness, independently of the magnetic 
spin ordering, as conjectured from the direct observation 
of the images in Fig. [TJ This observation is not obvious 
since for example ferroelectric domains were reported to 
exhibit size dependence with layer thickness [l3| . 

To increase the statistics and determine precisely the 
morphological scaling features of our system, we made 
use of the statistical invariance with layer thickness and 
gathered all the data into a single realization set. Do- 
main perimeter L is found to scale as A" with a surface 
exponent tT=0.70±0.02 over almost five decades (Fig. 
[2)3:inset). Since these domains are dense objects, this 




FIG. 2. (Color online) Morphological features of the mag- 
netic domains of Fe203 at various stages of the oxide layer 
growth: ferrimagnetic 7-Fe2 03 for thickness f < 3 nm and 
AF a-Fe2 03, f > 3 nm. (a) Domain Perimeters L versus do- 
main area A. (b) Domain area A as a function of the domain 
gyration radius Rg. The axes are logarithmic. Insets in both 
graphs: Average curve over all thicknesses t. The power law 
behavior (straight line) in inset of (a) indicates self-affine do- 
main walls with a roughness exponent ("=0.60±0.04. A mag- 
netic field of 2 Tesla was applied to the 2 nm thick 7-Fe203 be- 
fore the ferri- AF transition. The growth was then pursued up 
to a thickness of 10 nm. The corresponding data are plotted in 
red (upper line) . The power law behavior (straight line) in in- 
set of (b) indicates a fractal domain dimension d/ = 1.89±0.02. 
For both exponents, ± indicates errorbars for a 95% confident 
interval. 



non-integer exponent is attributed to self-affine scaling 
features of the boundary. Then, calling C, the roughness 
exponent of the magnetic walls and £ a unit scale, we ex- 
pect L to scale as and A as Consequently, L 
scales as ^'^=(2-0/2 which leads here to C==0.60±0.04. 
Such a roughness exponent is very close to the value 
C=0.633 predicted by the one dimensional (1-D) Kardar 
Parisi Zhang (KPZ) [2^ equation with quenched noise 
which describes the evolution of an interface in a wide 
range of systems, e.g. propagation of combustion fronts 
[2^ , rupture of paper [i^l or flow invasion in porous me- 
dia [2^ . . . Finally, the gyration radius Rg was found to 
scale as A^^'^f with the fractal dimension (i/=1.89±0.02 
over almost five decades. This value is very close to the 
fractal dimension =9 1/48 exhibited by connected clus- 
ters in the vicinity of the transition in two dimensional 
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FIG. 3. (Color online) (a) Main; Probability density function 
P of the domain area A at various stages of the oxide layer 
growth: ferrimagnetic 7-Fe2 03 for thickness t < 3 nm and AF 
Q!-Fe203 t > 3 nm. Inset: Same curve obtained after having 
gathered all available data, independently of t, so that statis- 
tics is increased, (b) Probability density function P of the 
domain perimeter L (main) and gyration radius Rg (inset) ob- 
tained on gathered data. The red lines in (a):main, (b):main 
and (b):inset correspond to fits P{A) a A~'^ exp{—A/Ao), 
P{L) a L"" exp(-L/Lo) and PiRg) a Rg" exp{-Rg/Rgo), 
with r = 1.25 ± 0.04, = 1.24 ± 0.09 and a = 1.59 ± 0.24, 
and Aa = 8.1 ± 1.1 x 10® nm^ Lq = 1.40 ±0.39 x 10* nm and 
Rgo = 2.3 ± 1.4 X 10"^ nm, where all error bars stand for a 95% 
confident interval. 



(2-D) standard percolation theory [29| . 

To complete the statistical analysis of our images, we 
have computed the distributions of the domains area A, 
perimeter L and gyration radius Rg (Fig. [S]). As for 
the morphological analysis presented in the preceding 
paragraph, no effect of the layer thickness was evidenced 
(Fig. [3Ji:main). This allows gathering all the data to in- 
crease the statistics. All these quantities were found to 
be power-law distributed with an exponential cut-off, the 
characteristic scale which sets the upper limit of scale in- 
variant morphological features. The exponents r, /3 and 
a corresponding to A, L and Rg respectively, were found 
to be: r=1.25±0.04, /3=1.24±0.09 and a=1.59±0.24. It 
should be emphasized that these exponents are related: 
P{A) decreases as A~'^ , the distri- 
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and therefore: a—1- 



since A scales as Rg^ 
bution P{Rg) goes as i?, 
df{l-T). Similar argument allows to link /3 and r: P~{t- 
C/2)/(l-C/2). These two relations are perfectly fulfilled 




FIG. 4. (Color online) AF domain structure of a 13 nm thick 
Q!-Fe203/Pt(lll) film having experienced different magnetic 
hystories during growth. The field of view is 20 /^m. At 2 nm 
thickness (a) was demagnetized (without air exposure) using 
40 cycles in a magnetic field of ± 15 mT and (c) was exposed 
during 10 minutes to a 2 T saturating magnetic field. Sample 
(b) was grown without magnetic field. Straight lines highlight 
the domain boundaries. 



indicating a good quality of our statistic data. Hence, 
the knowledge of a single exponent, - say r -, is sufficient 
to describe the distribution of both the A, L and Rg . 

Figures [2] and |3] fully characterize the distributions 
and the morphology of the magnetic domains and their 
boundaries in our system for various thicknesses. The 
perfect overlap of all the curves demonstrates that the 
domain structure in the AF phase is (i) statistically in- 
variant with the layer thickness and (ii) identical to the 
one of the parent ferrimagnetic phase. The first result 
is highly non-trivial: In FM layers, the mean domain 
size is known to increase as the square root of the layer 
thickness [s^l and this behavior has been suggested to 
be more general since recent experiments reveal a simi- 
lar scaling in AF BiFcOs films [l^. The second result 
suggests that the AF and ferrimagnetic domain struc- 
tures are closely linked. To confirm experimentally this 
conjecture we applied a saturating magnetic field of 2 
Tesla to the 2 nm thick 7-Fe203 layer before the ferri/AF 
transition. The growth was then pursued with the sam- 
ple left in a remanent state up to a thickness of 10 nm. 
From the partial demagnetization process, one expects 
the smaller domains to disappear. X-PEEM imaging 
(Fig. Hh) and statistical analysis were carried out. The 
resulting variation of the perimeter as a function of the 
domains area is plotted (in red) in fig. The exponent 
a remains unchanged, but the prefactor increases signif- 
icantly, shifting the curve in logarithmic scales from the 
merged curves obtained in all previous situations. This 
definitively demonstrates experimentally that the AF do- 
main structure of Fe2 03 is inherited from the FM parent 
layer. The absence of FM parent phases in perovskytes 
like BiFeOa films [l^ is also consistent with this analysis. 

Different magnetic treatments were tested during 
growth. Figure ID presents the corresponding XMLD X- 
PEEM images. A 2 nm thick ferrimagnetic 7-Fe203 layer 
was grown and exposed to a demagnetization process 
(Fig. 0^) or to a saturating magnetic field (Fig. Ht) prior 
the addition of 11 nm of Fe2 03 grown without magnetic 
field. Compared to an unmodified layer (Fig. ^p) grown 
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without exposure to a magnetic field, demagnetization 
obviously brakes up the magnetic domains and magnetic 
saturation promotes larger domains. Importantly, the 
resulting domain structure is not linked to crystalline 
parameters. Although magnetic exchange coupling may 
have a role in the transmission of magnetic domain con- 
figuration, the coexistence of FM and AF layers, is here 
not required. This property may be used to tune the 
magnetic structure and the domain wall configuration of 
an AF layer in spintronics devices 1311 without requiring 
any additional patterning process [lO|. 

It is now worth discussing the values of the various 
experimentally measured exponents ct, df, C ^-nd r. The 
morphological scaling features of clusters of aligned spins 
were computed th roug h Monte Carlo simulations in 2D 
Ising Models (IM) (sll and 2D Random Field Ising Mod- 
els (RFIM) [33| below the critical temperature. The ex- 
ponents cr and df were found to be cr=0.68±0.04 and 
(i/=1.90±0.06 in both models, i.e. very close to the ones 
observed experimentally here. Moreover, it was shown 
that the propagation of the domains walls in RFIM can 
be described by the 1-D KPZ equation with quenched 
In this respect, the values of cr, df 
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and C 

characterizing the morphology of the magnetic domains 
structure in Fe203 thin films appear natural in the ferri- 
magnetic phase. On the other hand, it was unexpected 
that these models would apply to the AF phase observed 
here for thicknesses larger than 3 nm. This is a direct 
consequence of the morphological inheritance from the 
ferrimagnetic parent layer. It appears as a general be- 
havior of thin AF films: applying the same statistical 
approach to characterize previously published PEEM im- 
ages of 40 nm thick LaFeOs films leads to cTf =1.90±0.02 
and C =0.58±0.04 i.e. similar exponents 13[. Let us fi- 
nally mention that the value of r=1.25±0.04 obtained 
here is significantly smaller than the t=2.05±0.04 ob- 
served in 2D IM [32], but compatible with observations 
performed in 2D RFIM where r is found to decrease with 
the strength of the disorder in the magnetic structure 
351. 



In summary, the statistical characterization of X- 
PEEM images allowed us to determine the origin of the 
AF domain structure in Q!-Fe203. It is properly dictated 
by the domain structure of the parent ferrimagnetic 7- 
Fe2 03 phase. Any modification of this parent domain 
structure refiects on the final AF layer, independently of 
its thickness. This suggests a new and promising route 
to tailor the magnetic domain wall configuration of AF 
thin films having ferro- or ferri-magnetic parent phases 
that are major components of modern spintronic devices. 
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efforts have made these experiments possible. The re- 
search leading to these results has received funding 
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